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Abstract 
 
Cold-formed steel beams are increasingly used as floor joists and bearers in buildings. Their 
behaviour and moment capacities are influenced by lateral-torsional buckling when they are 
not laterally restrained adequately. Past research on lateral-torsional buckling has 
concentrated on hot-rolled steel beams. Hence a numerical study was undertaken to 
investigate the lateral-torsional buckling behaviour of simply supported cold-formed steel 
lipped channel beams subjected to uniform bending. For this purpose a finite element model 
was developed using ABAQUS and its accuracy was verified using available numerical and 
experimental results. It was then used in a detailed parametric study to simulate the lateral-
torsional buckling behaviour and capacity of cold-formed steel beams under varying 
conditions. The moment capacity results were compared with the predictions from the current 
design rules in many cold-formed steel codes and suitable recommendations were made. 
European design rules were found to be conservative while Australian/New Zealand and 
North American design rules were unconservative. Hence the moment capacity design 
equations in these codes were modified in this paper based on the available finite element 
analysis results. This paper presents the details of the parametric study, recommendations to 
current design rules and the new design rules proposed in this research for lateral-torsional 
buckling of cold-formed steel lipped channel beams. 
 
Keywords: Cold-formed steel structures, Lipped channel beams, Lateral-torsional buckling, 
Finite element analyses, Design rules 
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1. Introduction 
The use of cold-formed steel members has increased significantly in residential, industrial 
and commercial buildings during the last few decades. Cold-formed steel members are used 
as floor joists and bearers in these buildings. They are made of thinner steels and their cross-
sections are often mono-symmetric or unsymmetric. Hence their lateral-torsional buckling 
behaviour is more complicated than that of doubly symmetric hot-rolled beams. Past research 
on lateral-torsional buckling of steel beams has mainly concentrated on hot-rolled steel 
beams. Put et al. [1] performed lateral buckling tests of simply supported and unbraced cold-
formed steel lipped channel beams subjected to mid-span loading while Zhao et al. [2] 
conducted lateral buckling tests of cold-formed steel RHS beams. Pi et al. [3] conducted a 
numerical study to investigate the elastic lateral-distortional buckling, inelastic behaviour and 
strengths of cold-formed steel beams and developed improved design rules for lateral-
distortional buckling. Chu et al. [4] proposed an analytical model for predicting the lateral-
torsional buckling of thin-walled channel beams that are partially-laterally restrained by 
metal sheeting and subjected to uplift loading. Lindner and Aschinger [5] proposed 
alternative design procedures to address the load capacity of cold-formed steel beams 
subjected to both lateral-torsional buckling and local plate buckling effects. The review of 
these papers suggests that lateral-torsional buckling studies of cold-formed steel beams are 
limited. Further the member capacity design rules of cold-formed steel beams subject to 
lateral-torsional buckling in the well known cold-formed steel design codes are considerably 
different from each other. Therefore a detailed parametric study based on finite element 
analyses was undertaken to fully understand the lateral-torsional buckling behaviour of cold-
formed steel beams and to evaluate and develop suitable member capacity design rules that 
can accurately represent the lateral-torsional buckling behaviour and strength of cold-formed 
steel beams. 
 
Beams subject to uniform bending represent the worst case in lateral-torsional buckling and 
are therefore used in developing their member capacity design rules. A validated ideal finite 
element model of simply supported and unrestrained cold-formed steel beams under uniform 
bending was used in this parametric study to obtain the ultimate moment capacities of cold-
formed steel lipped channel beams by varying parameters such as steel grade and thickness, 
section geometry and span. Another finite element model of a fully laterally restrained beam 
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with quarter point loading was also developed to determine the section moment capacity of 
the same beams subject to yielding or local buckling effects. This paper only covers the study 
on lateral-torsional buckling. Dolamune Kankanamge [6] presents the details of the section 
moment capacity study and the results, which are used in this paper in developing the new 
design rules. 
 
The accuracy of current design rules (AS/NZS 4600 [7], NAS [8], Direct Strength Method 
(DSM), Eurocode 3 Part 1.3 [9] and BS5950 Part 5 [10]) was investigated using the ultimate 
moment capacity results from the parametric study. Since the design rules in AS/NZS 4600 
[7] and NAS [8] are identical, this paper makes reference to only one of them (AS/NZS 
4600). This paper presents the details and the results of the parametric study on the lateral-
torsional buckling behaviour of cold-formed steel lipped channel beams, the evaluation of 
current design rules and the development of new design rules.  
 
2. Details of Finite Element Models 
A simply supported cold-formed steel lipped channel beam (LCB) under uniform bending 
was used to investigate its lateral-torsional buckling behaviour and strength. Due to the 
presence of symmetric conditions in loading, support and geometry of the beams, only half 
the span was modelled. Four noded S4R5 type shell elements of 5 mm x 10 mm were used to 
model LCBs. A series of tensile and compressive forces was applied to the nodes at one end 
creating a triangular distribution of forces across the section and thus a uniform bending 
moment along the span length (Figure 1). Idealized simply supported boundary conditions 
were used at the support end, which allows major and minor axis rotations and warping 
displacement while preventing in-plane and out-of-plane translations and twisting. It was 
achieved by providing “126” boundary condition to all the nodes at the support end. The 
symmetric plane was simulated by applying boundary condition “345” to all the nodes at the 
other end of the model. 
 
The measured yield strength (fy) and modulus of elasticity (E) values shown in Table 1 for 
were used in both finite element models while the stress-strain graphs were based on the 
developed equations in [11]. A strain hardening model was used for G450 steels with gradual 
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yielding type stress-strain curve while an elastic-perfect plastic model was used for G250 
steels that have a stress-strain relationship with a well defined yield point. 
 
The initial geometric imperfections and residual stresses were included in the non-linear 
analyses. The lateral-torsional buckling mode obtained from the elastic buckling analyses, 
was used to input the initial geometric imperfection in the non-linear analysis. In the case of 
lateral-torsional buckling a maximum initial imperfection of L/1000 in the form of a half sine 
wave was used. It was found that the finite element analysis with negative imperfections 
yields the lowest failure moments compared to positive imperfections. Similar observations 
were also made by Put et al. [1], Pi et al. [3] and Kurniawan and Mahendran [12] based on 
their research on other mono-symmetric beams. Therefore negative geometric imperfections 
were used in all the non-linear analyses, which led to the failure mode shown in Figure 2. 
Further Pi et al. [3] stated that the negative initial crookedness and twist are most likely to 
occur than positive initial imperfection and twist based on the measurements of Kwon [13], 
and therefore the use of negative imperfection and twist in the parametric study is justified. 
 
There are two types of residual stresses in steel beams, namely, membrane and flexural. Since 
membrane residual stresses are generally small in cold-formed steel members, only flexural 
residual stresses were considered. Flexural residual stress was assumed to be 0.17fy along the 
flanges and webs and 0.08fy along the lips, based on Schafer and Pekoz [14] and Ranawaka 
[15]. It was assumed to vary linearly across the thickness with compression on the inside 
surface and tension on the outside surface of the section.  
 
The finite element models were created by using MD/PATRAN pre-processing facility and 
the analyses were then conducted by using ABAQUS. The results were viewed by using 
MD/PATRAN post-processing facility. The developed finite element models were validated 
by comparing both elastic buckling and ultimate moment capacity results with experimental 
results of LCBs reported in [6] as well as available numerical and theoretical results from 
other researchers [1,3]. Further details of finite element modelling including model validation 
are given in [6].   
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3. Selection of Member Sizes for the Parametric Study 
Twelve cross sections of cold-formed steel LCBs made of 1.5 mm and 1.9 mm thick G450 
steels and 1.55 mm and 1.95 mm thick G250 steels were selected with a range of web depth 
to flange width (d/b) ratios that represent the LCBs currently used in Australia. The d/b ratio 
of currently used LCBs is in the range of 2 to 3.3 while the d/b ratio of the selected sections 
ranges from 1.67 to 3.75. The cross-section dimensions were selected so that all the plate 
elements are compact based on AS/NZS 4600 [7] to eliminate the occurrence of local 
buckling. Table 1 shows the details of the selected LCB cross-sections. 
 
Finite element analyses were conducted using the ideal model for lateral-torsional buckling 
for the 12 selected LCBs in Table 1 with their spans in the range of 1000 to 5000 mm. The 
beam spans were selected for each cross-section so that they fail by lateral-torsional buckling. 
This resulted in a total of about 100 LCB analyses. The results of LCBs that failed by local, 
distortional or lateral-distortional buckling were not considered.  
 
The short span beam model was used to find the section moment capacities of beams having 
effective spans 100 mm, 500 mm and 800 mm or 1000 mm depending on the cross-section.  
In total 32 finite element analyses were conducted using short span beam models. Effective 
span was taken as the length of the short beam finite element model between the two ends of 
the loading plates as the failure of the two end segments was prevented. 
 
4. Moment Capacites of LCBs Subject to Lateral-torsional Buckling 
Both elastic buckling and non-linear finite element analyses (FEA) of simply supported LCBs 
subjected to lateral-torsional buckling were conducted, which provided their elastic lateral-
torsional buckling moments (Mo) and ultimate moment capacities (Mu). Lateral-torsional 
buckling of mono-symmetric LCBs is likely to depend on many parameters such as beam 
span, initial geometric imperfections, residual stresses, yield stress, elasticity modulus, steel 
thickness, web depth to flange width (d/b) ratio, etc. Figure 2 shows the typical lateral-
torsional buckling failure of a lipped channel beam. It confirms that failure has occurred by 
lateral deflection and twisting in the anti-clockwise direction without any cross-sectional 
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distortion. The absence of cross-sectional distortion indicates that the failure is governed by 
pure lateral-torsional buckling. 
 
Figures 3 (a) and (b) present the typical applied moment versus vertical and horizontal 
deflections, respectively, for LCBs with three different spans. They show that both vertical 
and lateral deflections at failure increases with increasing span and that the beam failure 
occurs suddenly in the case of shorter spans. 
 
The FEA results of ultimate moment capacities for short and long span LCBs (ie. both section 
and member moment capacities) are plotted in Figure 4 in a non-dimensional format. On the 
vertical axis the ratio of ultimate moment capacity (Mu) to the yield moment capacity, which 
is given by My = Zx fy (Product of yield stress, fy and elastic section modulus, Zx), is used 
while the horizontal axis represents the beam slenderness, which is given by λb = (My/Mo)0.5, 
where Mo is the elastic lateral-torsional buckling moment. In calculating λb, Mo from FEA 
was used. Since all the LCB sections considered in this study are compact, their section 
moment capacities (Msx) are higher than or equal to My.   
 
The moment capacity curves can be divided into three main regions depending on the beam 
slenderness, namely: plastic (low slenderness), inelastic buckling (intermediate slenderness) 
and elastic buckling (high slenderness). The beam slenderness ranges of these three regions 
are not the same in the current design codes. Short span beams or long span beams with 
lateral restraints at close intervals belong to the plastic region and their section moment 
capacity is governed by local buckling or yielding. Short beams with compact cross-sections 
fail by yielding while semi-compact or slender sections fail by inelastic and elastic local 
buckling, respectively. Some cold-formed steel design codes have limited the section moment 
capacity to the yield moment capacity even for compact sections while other codes allow the 
use of inelastic reserve capacity. For beams with slender cross-sections the section moment 
capacity is influenced by elastic local buckling and is therefore reduced below the yield 
moment capacity. The LCBs subject to yielding and/or local buckling case are not covered in 
detail in this paper, but the results reported in [6] will be used in deciding the slenderness 
range of the plastic region as part of developing suitable design rules for LCBs. 
 
The member moment capacity of beams with intermediate slenderness is reduced below the 
section moment capacity due to lateral-torsional buckling effects. It is strongly influenced by 
 7 
the presence of residual stresses and initial geometric imperfections and thus drops well 
below the elastic buckling capacity as seen in Figure 4. The residual stresses causes 
premature yielding of the cross-section, and thus reduces the member capacity below its 
elastic buckling capacity. Put et al. [1], Pi et al. [3] and Brune and Ungeruman [17] have 
described in their studies on lipped and unlipped channel beams the reason for having lower 
capacities with negative imperfection. The presence of initial negative geometric 
imperfection (crookedness and twist) causes the beam to deform laterally and twist in the 
anti-clockwise direction. Twisting in the anti-clockwise direction results in out-of-plane 
bending in addition to in-plane bending, and therefore additional stresses develop in the 
section. As the loading increases both the deformations and stresses in the beam increase 
while stresses are also induced in the section due to warping effect. Warping effect is critical 
in the intermediate slenderness region and this effect decreases as the span length increases. 
The stresses in LCB are the highest at the compression flange to lip junction since the stresses 
developed due to in-plane bending, out-of-plane bending and warping at this junction are all 
compressive. For the intermediate spans the presence of additional compressive stresses at 
this junction causes the beam to fail in lateral-torsional buckling at a moment capacity lower 
than its elastic buckling capacity. 
 
Third region is the elastic buckling region (high slenderness) in which the beam capacity is 
approximated by elastic lateral-torsional buckling capacity. However, past research has 
shown that there is some deviation from the elastic buckling capacity at high slenderness. 
Trahair [18] stated that beams with high slenderness may fail at lower moment capacities due 
to initial crookedness and twist. This behaviour is highly dependent on the section type. Pi 
and Trahair [19] compared the lateral buckling capacity results of RHS and equivalent I-
sections. They showed that as the beam slenderness increases, the moment capacities of RHS 
attain their elastic buckling moments. However, their results show that the moment capacities 
of I-section beams are low and have not converged to their elastic buckling moment 
capacities with increasing slenderness. Their results for I-section beams are considerably low 
in comparison to RHS beams in the non-dimensional plot, proving the dependence of the 
results on the section type. Put et al. [1] and Pi et al. [3] also observed similar behaviour for 
beams with high slenderness relating to lateral distortional buckling in which beam capacities 
were lower than elastic buckling capacities. The results of this research have also confirmed 
this in Figure 4, which show that the member capacities of beams with high slenderness are 
lower than their elastic buckling capacities. However, as the slenderness increases the 
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member capacity approaches the elastic buckling capacity. The dependence on initial 
imperfections at high slenderness is also proven correct by the imperfection sensitivity 
analysis in the next section, which showed that the beam capacity increased with the 
reduction of initial imperfection from L/1000 to L/3000. One can argue that the ultimate 
moment capacities in the elastic buckling region has been reduced below the elastic buckling 
moments because of the web distortion caused by very thin plates. However, the effect of 
web distortion on the ultimate capacity is less than 2% [1] and Figure 2 clearly shows the 
ultimate failure mode to be a pure lateral-torsional buckling failure with no web distortion. 
However, web distortion was observed with some smaller spans in the inelastic region and 
these results were not considered. 
 
Another aspect of lateral-torsional buckling is the effect of pre-buckling deflections. Elastic 
buckling analyses using Thin-wall, CUFSM and ABAQUS do not take into account the effect 
of pre-buckling deflections. The lateral-torsional buckling moments obtained by including the 
effects of pre-buckling deflections may exceed those obtained without considering pre-
buckling deflections. The effects of pre-buckling deflections are significant if the ratio of 
minor axis to major axis flexural stiffness is considerably high. This ratio of the selected LCB 
sections varies from 0.037 to 0.20 (most of them below 0.10). Trahair [18] stated that the 
member capacity of beams at high slenderness can be approximated by the elastic buckling 
capacity based on a compromise between the weakening effects of geometrical imperfections 
and the strengthening effects of pre-buckling deflections. However, the ultimate moment 
capacity may be lower than the elastic buckling capacity in slender beams if the weakening 
effect of the geometric imperfection cannot be compromised by the effect of pre-buckling 
deflections as observed in this research. 
 
4.1. Effect of Cross Section 
The ultimate moment capacity results of different sections in Figure 4 show scattered data in 
the intermediate slenderness region in contrast to converging data in the high slenderness 
region. Figure 5 shows the effect of d/b ratio on the moment capacity curves in the elastic and 
inelastic regions. As the d/b ratio decreases the moment capacity curves move upwards in the 
intermediate slenderness region and as the slenderness increases they converge. 
 
 9 
Figure 4 shows that some points belonging to G450-1.5-90-30-12 are located below others, 
and interestingly, this was found to be due to the effect of lip size. One LCB section (G250-
1.95-150-60) was further analysed with varying lip sizes. Figure 6 shows that the non-
dimensional moment capacities increase with increasing lip size. This is because the beam 
stiffness about Y-Y axis increases at a higher rate, thus increasing the lateral-torsional 
buckling resistance in comparison to the increase in section moment capacity. Therefore the 
beam slenderness also reduces with increasing lip size as seen in Figure 6. A review of LCB 
sections currently used in the industry showed that the minimum lip size used was 14 mm. 
Therefore G450-1.5-90-30-12 was replaced with G450-1.5-90-30-14. In addition the 
maximum lip size was limited to 17 mm to avoid local buckling of lips. 
 
4.2. Effect of steel thickness 
In order to study the effect of thickness, G250-1.95-100-60-15 and G250-1.95-150-40-15 
LCBs were analysed with higher thicknesses of 3, 4 and 5 mm, ie. more compact sections. 
Figures 7 (a) and (b) show that as the thickness increases the member slenderness at which 
the ultimate moment capacity first reaches the elastic buckling moment reduces. In other 
words, the moment capacities of more compact and stable sections reach their elastic 
buckling moments at lower slenderness values while it happens only at high slenderness 
values for beams with smaller thicknesses. The reason for this behaviour may be attributed to 
the higher stress development at the compression flange to lip junction due to minor axis 
bending caused by twisting. Increasing thickness leads to higher section torsional rigidity and 
reduced angle of twisting before failure. This will lead to lower compressive stresses at the 
flange to lip junction due to minor axis bending and thus higher beam capacities, which allow 
elastic buckling moments to be reached at lower beam slenderness. 
4.3. Effect of mechanical properties 
The effects of yield strength, elastic modulus and stress-strain relationship were investigated 
by plotting the ultimate moment capacity results of G250 and G450 steel sections in Figure 8. 
Their yield strengths are different whereas their elastic modulus values are of the same order. 
The moment capacity plots appear to follow a similar trend as seen in Figure 8. Pi and 
Trahair [19] also showed that the non-dimensional plots of ultimate lateral-torsional buckling 
capacities of cold-formed steel hollow flange beams did not depend on the yield stress 
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because its effect was eliminated by non-dimensionalising using the section plastic moment 
capacity (Mp). 
4.4. Effect of initial geometric imperfections and residual stresses 
Steel structures design standards worldwide have used a nominal initial geometric 
imperfection of L/1000 as the maximum value for cold-formed and hot-rolled steel flexural 
members. However, laboratory measurements have shown that the measured imperfections 
are often considerably less than L/1000 [16]. Therefore an imperfection sensitivity study was 
undertaken of some LCBs varying initial negative imperfection magnitudes of L/1000, 
L/2000 and L/3000. Figure 9 (a) presents the variation of ultimate moment capacity as the 
imperfection reduces for G250-1.95-125-50-15 (B6) section while Figure 9 (b) shows the 
results for all the cross-sections. The reduction in ultimate moment capacity was the greatest 
in the inelastic region (intermediate spans) as the initial imperfection magnitude was 
increased. When it was reduced from L/1000 to L/3000 the ultimate moment capacity was 
reaching the elastic buckling curve for beams with higher slenderness. However, it appears 
that the initial imperfection magnitude does not have a significant impact on the lateral-
torsional buckling capacity of beams with higher slenderness. For G250 steel sections the 
maximum percentage increase in moment capacity was only about 7% when the beam 
slenderness was about 1.0 as the imperfection magnitude was reduced from L/1000 to 
L/3000, and it was about 5% when the imperfection magnitude was reduced from L/1000 to 
L/2000. However, there is no clear trend for some G450 sections. 
 
Effects of residual stresses were investigated by comparing the moment capacity results with 
and without residual stresses. Figure 10 shows that the influence of residual stresses on the 
ultimate moment capacity is insignificant. However, in the parametric study, residual stresses 
were included in the nonlinear analyses. 
 
5. Comparison of Ultimate Moment Capacities from FEA with 
Predictions from the Current Design Rules   
The member capacity design rules of cold-formed steel beams subject to lateral-torsional 
buckling are not the same in the well known national and international cold-formed steel 
structures design codes such as AS/NZS 4600 [7], NAS [8], BS5950 Part 5 [10] and 
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Eurocode 3 Part 1.3 [9], except for AS/NZS 4600 [7] and NAS [8] design rules that are 
identical. The design rules based on the new Direct Strength Method (DSM) for lateral-
torsional buckling are presented differently, but are still based on the member capacity design 
rules given in AS/NZS 4600 [7] and NAS [8]. However, local buckling effects are included 
differently by the DSM. In this study local buckling effect was eliminated by using compact 
sections and therefore the predictions from both methods are the same. 
 
There are considerable differences between AS/NZS 4600, DSM and Eurocode 3 Part 1.3 in 
the plastic, inelastic and elastic buckling regions. As stated by Trahair [18] this is due to 
differences in bending moment distributions, capacity and load factors. All the moment 
capacity curves considered here have a constant moment capacity region in the low 
slenderness range, where Mu = Msx or My, although the slenderness range is different. This 
slenderness range is 0 to 0.6 for AS/NZS 4600 [7], NAS [8] and DSM and the section 
moment capacity is assumed to be equal to My.  This region is 0 to 0.202 for Eurocode 3 Part 
1.3 and unlike the Australian code it allows the inclusion of inelastic reserve capacity of 
compact cross-sections and hence their section moment capacity can be higher than My. 
 
In the intermediate slenderness (inelastic buckling) region, all the design codes propose 
reduced member capacities when compared with elastic lateral-torsional buckling capacities 
due to the presence of residual stresses and initial imperfections. For beams with high 
slenderness (elastic buckling), the member capacity is equal to the elastic lateral-torsional 
buckling moment based on AS/NZS 4600 [7] and DSM, ie. Mb = Mo. However, in other 
design codes the member capacity is less than the elastic buckling moment due to the 
influence of initial crookedness and twist [18]. Due to these differences in the member 
capacity curves, it is necessary to investigate the accuracy of these design rules. 
 
Table 2 presents the summary of mean and COV based on the comparison of ultimate 
moment capacities from FEA and design codes. It also includes the corresponding capacity 
reduction factors calculated using the NAS [8] procedure to provide the recommended target 
reliability index of 2.5 for cold-formed steel beams. This procedure is based on a statistical 
model to account for the variations in material, fabrication and loading effects. In these 
calculations suitable values of mean and COV of the material, fabrication and loading factors 
were used as recommended in [8]. Table 2 results are also presented for each steel thickness 
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and grade. They clearly show that the accuracy of design rules does not rely on steel grade or 
thickness. The verification of the accuracy of these design rules is presented next. 
 
5.1. AS/NZS 4600 and DSM 
 
As seen in Table 2, AS/NZS 4600 [7] and DSM design rules give mean and COV values of 
0.852 and 0.056 and are the most unconservative. AS/NZS 4600 [7] recommends a capacity 
reduction factor of 0.9 for flexural members subjected to lateral buckling. Table 2 shows that 
this factor is less than 0.9 in all the cases, indicating that the design rules are unconservative. 
Figures 11 (a) and (b) compare the ultimate moment capacity results from FEA with the 
moment capacity curve based on AS/NZS 4600 design rules for G250 and G450 steels in a 
non-dimensionalised format of ultimate moment capacity (Mu/My) or (Mb/My) versus beam 
slenderness (My/Mo)0.5. They show that AS/NZS 4600 design rules over-predict the moment 
capacity of intermediate and long span beams subject to lateral-torsional buckling. Although 
the section moment capacity results of shorter beams are also plotted in these figures, the 
reported mean and COV values are based on the moment capacity results for lateral-torsional 
buckling only. 
 
Further, according to AS/NZS 4600 [7] the ultimate moment capacity of long spans beams 
with a beam slenderness, is equal to their elastic lateral-torsional buckling moments 
(Mu = Mo). However, Figures 11 (a) and (b) show that the moment capacities are below the 
elastic buckling moments even at high slenderness values. Pi and Trahair [19] observed the 
same behaviour for other types of sections. Put et al. [1] and Pi et al. [3] also observed the 
same for LCBs subject to lateral-distortional buckling. 
 
Based on Table 2 and Figures 11 (a) and (b) it can be concluded that AS/NZS 4600 moment 
capacity predictions are unsafe in both elastic and inelastic buckling regions for cold-formed 
LCBs subject to lateral-torsional buckling. Brune and Ungermann [17] have also observed 
that DSM design rules based on [7,8] overestimate the ultimate moment capacities of 
unlipped channel beams subject to lateral-torsional buckling.  
 
A larger imperfection value of L/1000 was used in FEA as used or recommended by many 
other researchers and international codes. It is not known what imperfection magnitude was 
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used in the development of AS/NZS 4600 design rules. Effect of imperfection magnitude on 
the member moment capacity is considered significant in the intermediate slenderness region. 
Therefore an imperfection sensitivity study was undertaken to determine whether AS/NZS 
4600 design rules give accurate predictions if a lower geometric imperfection magnitude was 
used, and the results are given in Section 4.1.4. Figure 12 compares the moment capacity 
results obtained for varying imperfection magnitudes with the moment capacity curve of 
AS/NZS 4600. It shows that as the imperfection magnitude is reduced from L/1000 to L/3000 
the moment capacities are increasing, but are still below the moment capacity curve of 
AS/NZS 4600. At high member slenderness values of 2.5, the ultimate moment capacities of 
beams with an imperfection of L/3000 approach the elastic buckling curve. However, they 
are noticeably below the elastic buckling moment curve in the member slenderness range of 
1.336 to 2.1. These observations confirm that the moment capacity design rules in AS/NZS 
4600 [7] are to be considered unconservative even for beams with a smaller initial 
imperfection of L/3000, and therefore a suitable modification is needed. The above 
observations are also applicable to DSM since it is based on the same moment capacity 
equations for lateral-torsional buckling. 
 
5.2. Eurocode 3 Part 1.3 
 
Eurocode 3 Part 1.3 [9] recommends the use of the design equations based on buckling curve 
‘b’ in Eurocode 3 Part 1.1 [20] for the design of cold-formed steel beams subject to lateral-
torsional buckling. The mean, COV and the capacity reduction factors of the ratio of moment 
capacities from FEA and Eurocode 3 Part 1.3 are given in Table 2. Eurocode 3 Part 1.3 
design rules are the best in comparison to other codes with its overall mean and COV values 
of 1.048 and 0.066 and a capacity reduction factor of 0.944.  
 
Figures 13 (a) and (b) compare the FEA results with the moment capacity design curve of 
Eurocode 3 Part 1.3 for G250 and G450 steels, respectively. The moment capacity results are 
non-dimensionalised using the section moment capacity Msx since Eurocode 3 Part 1.3 allows 
the use of inelastic reserve capacity. The section moment capacity was taken as the FEA 
results obtained for the shortest span length (100 mm) reported in [6]. It appears that 
Eurocode 3 Part 1.3 accurately predicts the moment capacities of beams with high 
slenderness values as defined by (Msx/Mo)0.5≥1.5, while its predictions are slightly 
overconservative for beams having intermediate slenderness values, ie. (Msx/Mo)0.5<1.5. 
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Eurocode 3 Part 1.1 [20] suggests different buckling curves depending on the type of section 
and d/b ratios. When they are all compared with FEA results in Figures 14 (a) and (b), it can 
be seen that the buckling curve ‘a’ predicts the moment capacities accurately throughout the 
elastic and inelastic slenderness ranges. The mean, COV and capacity reduction factors in 
Table 3 also confirm these observations. The buckling curve ‘a’ predicts the moment 
capacities of beams made of both steel grades with an overall mean of 0.995 and associated 
COV of 0.061. The predictions are equally accurate irrespective of steel grade or thickness. 
Therefore it is recommended that Eurocode 3 Part 1.3 design equations are used with 
buckling curve ‘a’, instead of buckling curve ‘b’. It should also be noted that the effect of d/b 
ratios on the moment capacity is not too high to demand different buckling curves depending 
on the d/b ratios of cold-formed steel sections as proposed for hot-rolled I-beams in Eurocode 
3 Part 1.1 [20]. Figure 5 on the effect of d/b ratios shows that a single buckling curve is 
adequate for the commonly used LCBs with d/b ratios in the range of 2.0 to 3.3. 
 
5.3. BS5950 Part 5 
 
The BS5950 Part 5 [10] equation for elastic lateral-torsional buckling moment capacity of 
mono-symmetric cold-formed beams is different from that given in AS/NZS 4600 and 
Eurocode 3 Part 1.3, and gives higher elastic buckling moments. Hence the moment capacity 
predictions of BS5950 Part 5 [10] are somewhat higher than the FEA results. From Table 2, it 
can be concluded that BS5950 Part 5 [10] design equations for lateral-torsional buckling give 
unconservative predictions with overall mean and COV values of 0.936 and 0.059 with an 
associated capacity reduction factor of 0.847. 
 
6. Development of Design Rules 
Based on the comparison with the ultimate moment capacities of cold-formed steel LCBs 
from FEA, it was identified that some modifications are needed for the AS/NZS 4600 [7] 
moment capacity equations for lateral-torsional buckling. In this section a suitable 
modification is proposed. Since the design rules in NAS [8] are identical to AS/NZS 4600 [7] 
design rules, any modifications to AS/NZS 4600 [7] design rules are equally applicable to 
NAS design rules. 
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6.1. AS/NZS 4600 Design Rules 
 
The AS/NZS 4600 [7] design rules are based on the following assumptions. Fully laterally 
restrained or short beams made of compact sections can attain a full plastic moment capacity, 
which has been assumed to be equal to 10/9 times their first yield moment capacity (My = 
fyZx), where 10/9 is the shape factor for wide flange beams based on the partial plastification 
of the section in bending [21]. It has been assumed that long beams with a higher slenderness 
ratio undergo elastic buckling when their moment capacity is equal to or less than half of the 
maximum expected section moment capacity of 10/9 My (= 0.56My). Hence for beams with 
slenderness values (λb=(Msx/Mo)0.5) larger than 1.336, their moment capacity is assumed to be 
equal to their elastic lateral-torsional buckling moments Mo (Figure 15). When the beam 
slenderness is in the range of 0.6 and 1.336, the beam capacities are considered to be 
governed by inelastic buckling and a Johnson parabolic equation was used between Points A 
and B representing  moment capacities of 0.56My to 10/9My, as shown in Figure 15. AS/NZS 
4600 design method has conservatively limited the moment capacity to My for cold-formed 
steel beams. Therefore a plateau is proposed for the low slenderness region with a moment 
capacity of My until Point D on the parabolic curve in Figure 15. Yu [22] states that the 
inelastic buckling curve for single, double and point-symmetric sections has been confirmed 
by research in beam-columns and wall studs. 
 
According to AS/NZS 4600 [7], the nominal member moment capacity ( bM ) of the laterally 
unbraced segments of singly, doubly, and point-symmetric sections subjected to lateral 
buckling is given by, 
 
 



f
c
cb Z
MZM        (1)  
 
    
cZ  and fZ  are the effective section modulus calculated at a stress level  fc ZM  in the 
extreme compression fibre, and the full unreduced section modulus for the extreme 
compression fibre, respectively. 
 
The critical moment (Mc) is calculated as follows, 
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  For    60.0b   yc MM      (2a) 
 
For    336.160.0  b  







36
10
111.1
2
b
yc MM

  (2b)   
 
   
            For    336.1b   


 21
b
yc MM     (2c) 
 
where,  0MM yb   - Non-dimensional slenderness ratio 
 
yfy fZM   - Moment causing initial yield at the extreme compression fibre of 
the full section (first yield moment). 
 
Since these design equations over-predict the moment capacities of cold-formed steel LCBs, 
new moment capacity equations were proposed. 
  
6.2. New Equations for AS/NZS 4600   
Option 1 
The critical moment (Mc) in Equation 1 is calculated as follows, 
 
 For  60.0b   yc MM      (3a) 
 
 
For  336.160.0  b   2326.01132.1 byc MM    (3b)  
            For 336.1b   


 284.0
b
yc MM     (3c) 
The moment capacity results from FEA showed that the ultimate moment capacities of beams 
in the elastic buckling region (λb>1.336) could not attain their elastic buckling capacity. 
When initial geometric imperfections were reduced, their moment capacities approached the 
elastic-lateral-torsional buckling capacity, indicating the reasons for lower capacities as initial 
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geometric imperfections. Therefore a reduction factor of 0.84 was introduced to Equation 2c. 
A factor of 0.877 is used in the column design equation of AS/NZS 4600 to allow for the 
reduced capacities of columns of high slenderness below their elastic buckling capacities. 
The slenderness range for the plastic region was maintained up to 0.6 as used in AS/NZS 
4600 and by considering the section moment capacity results from FEA in [6]. Equation 3b 
was developed for the inelastic buckling region based on the same parabolic format. 
 
Figure 16 compares the moment capacities predicted by the proposed equations and AS/NZS 
4600 [7] with FEA results. It shows that the new design equations has improved the accuracy 
in the inelastic and elastic buckling regions, but is still unsafe in the inelastic buckling region. 
Table 4 results show that the use of new equations has improved the mean value from 0.852 
in the case of current design rules in AS/NZS 4600 to 0.964 while the corresponding COVs 
remained the same at 0.056. However, since the predictions of Equations 3 (a) to (c) are 
unsafe in the intermediate slenderness region, more accurate rules were developed (Option 2). 
 
 
Option 2 
 
 
The critical moment (Mc) is given by, 
 
 For  60.0b   yc MM      (4a) 
 
 
For  336.160.0  b  

  59.111.122.0 bbyMcM   (4b)  
            For 336.1b   


 284.0
b
yc MM     (4c) 
Figure 17 compares the FEA results with the proposed beam design curve. It shows that this 
design method accurately predicts the moment capacities of cold-formed steel LCBs. The 
mean and COV values of the ratio of ultimate moment capacities obtained from FEA and the 
new equations are 1.003 and 0.044, respectively. The capacity reduction factor is 0.915. 
Therefore it is concluded that the new design equations proposed under Option 2 accurately 
predict the moment capacities of LCBs subject to lateral-torsional buckling. However, the 
drawback in the proposed design method is that the member moment capacities in the elastic 
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buckling region are given as 0.84 times the elastic lateral-torsional buckling moment. 
Although the FEA moment capacities in the elastic buckling region are also below the elastic 
buckling capacities, they approach the theoretical elastic lateral-torsional buckling moments 
with increasing member slenderness. The proposed design equation for the elastic buckling 
region (Equation 4c) reduces the member capacities by a factor of 0.84 even for very slender 
beams, and this may not be acceptable. Therefore another set of new design equations was 
developed (Option 3). 
 
Option 3 
 
The new equation is similar to the moment capacity equation in the Australian hot-rolled steel 
structures code, AS 4100 [23]. The critical moment (Mc) in Equation 1 is given by, 
 
For  6.0b     yc MM      (5a) 
 
For  6.0b    yMbbcM 

  205.249.0    (5b) 
 
Figure 18 compares the FEA results with the proposed moment capacity curve. It appears that 
the new equation accurately predicts the moment capacities in all the slenderness regions, and 
is therefore recommended for the design of cold-formed steel LCBs subject to lateral-
torsional buckling. The mean, COV and capacity reduction factors of FEA to predicted 
moment capacities (Table 4) are 0.984 and 0.056, respectively, while the overall capacity 
reduction factor is 0.892, which is very close to the recommended value of 0.9 in AS/NZS 
4600 [7]. The mean and COV values and the capacity reduction factors indicate the accuracy 
of the proposed design method in predicting the moment capacities of cold-formed steel 
LCBs subject to lateral-torsional buckling. 
 
The new design equations proposed under Option 3 have many advantages in comparison to 
the AS/NZS 4600 [7] design equations in three slenderness regions. Equation 5b provides a 
simple way of calculating lateral-torsional buckling capacities in the inelastic and elastic 
buckling regions. It eliminates the problem of using 0.84 x Mo for beams with very high 
slenderness under Option 2. The lateral-torsional buckling capacity prediction using this 
method tends to coincide with the elastic buckling moment as the beam slenderness increases. 
Another advantage of this proposal is that this equation can be modified by changing the two 
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coefficients 0.9 and 0.205 in Equation 5b to develop multiple beam curves. Moment 
capacities are dependent on the section type and it is useful to develop multiple beam curves 
for different sections such as LCBs, hollow flange sections, RHS, back to back C-sections, 
etc. Trahair [18] has also shown the need to have multiple design curves to allow for varying 
section types, residual stresses and initial imperfections. Further, Equations 5a and 5b can 
also be easily adopted to calculate the lateral-torsional buckling capacities at elevated 
temperatures when modifications are needed to allow for the non-linearity in stress-strain 
relationship discussed in [11]. 
 
The new equations are also presented in the DSM format. The nominal member moment 
capacity, beM , for lateral-torsional buckling is given by 
 
For  yo MM 25.6    ybe MM      (6a) 
For  oy MM 25.6   y
o
y
o
y
be MM
M
M
M
M 









 05.29.0
2
 (6b) 
 
7. Conclusions 
This paper has described a detailed numerical study on the member moment capacities 
related to lateral-torsional buckling of simply-supported cold-formed steel lipped channel 
beams (LCBs) subject to uniform bending about the major axis. This study used a validated 
ideal finite element model of unrestrained LCBs subject to lateral-torsional buckling.  
 
The ultimate moment capacities of LCBs made of different steel thicknesses and grades were 
obtained from finite element analyses performed using ABAQUS. The results show that the 
current design rules in AS/NZS 4600 [7] are unconservative and therefore new design 
equations were proposed in this paper. The new design equations were shown to predict the 
moment capacities accurately. They can also be used with the direct strength method. The 
capacity reduction factor of 0.9 recommended in AS/NZS 4600 [7] can be used with the new 
equations. 
 
The predictions of BS5950 Part 5 [10] design equations were also found to be 
unconservative. The design method given in Eurocode 3 Part 1.3 [9] (Design Method given in 
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EC 3 Part 1.1 [20]  with buckling curve ‘b’) was found to be accurate for cold-formed steel 
beams with high slenderness values while its predictions for beams with intermediate 
slenderness are over-conservative. Therefore the bucking curve ‘a’ is proposed for cold-
formed steel beams. 
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Figure 1: Ideal Model of LCB subject to lateral-torsional buckling 
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Figure 2: Lateral-Torsional Buckling Failure of Cold-formed Steel Lipped 
Channel Beams (G250-1.95-100-60-15-5000) 
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(b) Lateral Deflection  
 
Figure 3: Moment-Deflection Curves 
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Figure 4: Ultimate Moment Capacity Curves Based on Finite Element Analyses 
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Figure 5: Effect of d/b ratio 
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Figure 6: Effect of Lip Size 
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(a) G250-t-100-60-15 Section 
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(b) G250-t-150-40-15 Section 
 
Figure 7:  Effect of Steel Thickness 
 
 
 
 30 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0.0 0.5 1.0 1.5 2.0 2.5 3.0
(My/Mo)
0.5
M
 u 
 /M
 y
Elastic Buckling
G250
G450
 
Figure 8: Effect of Mechanical Properties 
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(a) G250-1.95-125-50-15 Section 
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(b) Different Beam Sections 
Figure 9: Effect of Imperfection Magnitude 
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Figure 10: Effect of Residual Stresses on Ultimate Moment Capacity 
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(a) G250 Steel Beams 
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(b) G450 Steel Beams 
Figure 11: Comparison of FEA Results with AS/NZS 4600 Moment Capacity 
Curve 
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Figure 12: Comparison of FEA Results with AS/NZS 4600 Moment Capacity 
Curve for Beams with Varying Initial Imperfections 
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(a) G250 Steel Beams 
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(b) G450 Steel Beams 
Figure 13: Comparison of FEA Results with Eurocode 3 Part 1.3 Moment 
Capacity Curve 
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(a) All the Buckling Curves 
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(b) Buckling Curve ‘a’ 
Figure 14: Comparison of FEA Results with Different Buckling Curves of 
Eurocode 3 Part 1.1 
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Figure 15: AS/NZS 4600 Moment Capacity Curve for Lateral-torsional Buckling 
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Figure 16: Comparison of FEA Results with New Design Beam Curve – Option 1 
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Figure 17: Comparison of FEA Results with New Design Beam Curve – Option 2 
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Figure 18: Comparison of FEA Results with New Design Beam Curve – Option 3 
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Table 1: Selected LCB Sections and their Dimensions 
No. Beam Designation Grade Thickness(mm) 
Web 
(mm)
Flange 
(mm) 
Lip 
(mm) b/t d/t d/b 
B1 G-250-1.55-90-45-15 
250 
1.55 90 45 15 29.03 58.06 2.00 
B2 G-250-1.55-100-40-15 1.55 100 40 15 25.81 64.52 2.50 
B3 G-250-1.55-120-45-15 1.55 120 45 15 29.03 77.42 2.67 
B4 G-250-1.95-100-40-15 
250 
1.95 100 40 15 20.51 51.28 2.50 
B5 G-250-1.95-100-60-15 1.95 100 60 15 30.77 51.28 1.67 
B6 G-250-1.95-125-50-15 1.95 125 50 15 25.64 64.10 2.50 
B7 G-250-1.95-150-40-15 1.95 150 40 15 20.51 76.92 3.75 
B8 G-250-1.95-150-60-17 1.95 150 60 17 30.77 76.92 2.50 
B9 G-450-1.50-90-30-14 450 1.50 90 30 14 20.00 60.00 3.00 
B10 G-450-1.90-80-40-15 
450 
1.90 80 40 15 21.05 42.11 2.00 
B11 G-450-1.90-100-35-15 1.90 100 35 15 18.42 52.63 2.86 
B12 G-450-1.90-115-40-15 1.90 115 40 15 21.05 60.53 2.88 
     
Steel fy (MPa) E (GPa) 
G250-1.55mm  294 204 
G250-1.95mm 271 188 
G450-1.50mm 537 207 
G450-1.90mm 515 206 
   
 
 
 
 
 
 
 
 
 
 
 
Span (mm) 
Lip (mm) 
Flange (mm) 
Web (mm) 
Thickness (mm)
Grade 
            G250-1.95-150-60-15-L2500 
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Table 2: Summary of Mean and COV Values and Associated Capacity 
Reduction Factors of the Ratio of FEA to Predicted Moment Capacities 
 
Grade and  
Thickness 
Mu/Mpred. 
AS/NZS 4600 [7] Eurocode 3 Part 1.3 [9] BS5950 Part 5 [10] 
Mean COV  Mean COV  Mean COV 
G250-1.55 0.850 0.058 0.769 1.047 0.066 0.942 0.947 0.049 0.861 
G250-1.95 0.852 0.057 0.772 1.044 0.068 0.939 0.941 0.049 0.856 
G450-1.50 0.813 0.031 0.744 1.017 0.030 0.931 0.872 0.018 0.802 
G450-1.90 0.842 0.035 0.771 1.038 0.059 0.938 0.910 0.047 0.828 
G250 0.860 0.061 0.777 1.055 0.070 0.948 0.952 0.056 0.864 
G450 0.842 0.037 0.771 1.038 0.054 0.942 0.910 0.046 0.829 
Overall 0.852 0.056 0.773 1.048 0.066 0.944 0.936 0.059 0.847 
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Table 3: Mean and COV Values and Associated Capacity Reduction Factors of 
the Ratio of FEA to Predicted Moment Capacities using Buckling Curve ‘a’ of 
Eurocode 3 Part 1.1 [20] 
Grade and 
Thickness 
Mult./Mpred. 
Eurocode 3 Part 1.3 [9]  
 Buckling curve ‘b’ 
Eurocode 3 Part 1.1 [20] 
Buckling curve ‘a’ 
Mean COV  Mean COV 
G250-1.55 1.047 0.066 0.942 0.990 0.063 0.893 
G250-1.95 1.044 0.068 0.939 0.997 0.060 0.901 
G450-1.50 1.017 0.030 0.931 0.952 0.023 0.875 
G450-1.90 1.038 0.059 0.938 0.982 0.050 0.893 
G250 1.055 0.070 0.948 1.004 0.065 0.905 
G450 1.038 0.054 0.942 0.982 0.047 0.895 
Overall 1.048 0.066 0.944 0.995 0.061 0.899 
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Table 4: Mean and COV Values and Associated Capacity Reduction Factors of 
the Ratio of FEA to Predicted Moment Capacities using Options 1, 2 & 3 
 
Grade and 
Thickness 
Option 1 Option 2 Option 3 
Mu/Mpred. Mult./Mpred. Mu/Mpred. 
Mean COV  Mean COV  Mean COV 
G250-1.55 0.958 0.058 0.867 1.000 0.048 0.910 1.004 0.067 0.902
G250-1.95 0.955 0.046 0.870 0.997 0.039 0.912 0.981 0.053 0.891
G450-1.50 0.930 0.062 0.832 0.962 0.021 0.884 0.944 0.018 0.868
G450-1.90 0.971 0.057 0.879 1.003 0.032 0.920 0.978 0.046 0.892
G250 0.965 0.055 0.876 1.007 0.048 0.918 0.990 0.060 0.896
G450 0.971 0.060 0.878 1.003 0.034 0.919 0.978 0.044 0.893
Overall 0.964 0.056 0.874 1.003 0.044 0.915 0.984 0.056 0.892
 
 
 
 
 
 
 
